Abstract -Retinoids are of particular interest in experimental and clinical oncology. They exert their antitumor activity through inhibition of cell proliferation, induction of cell differentiation, suppression of oncogene expression and inhibition of angiogenesis. In animal experiments, retinoids have preventive and therapeutic effects on premalignant and malignant lesions. Clinically, chemoprevention with isotretinoin and etretinate has been tested with some success. Therapeutic effects have also been observed with retinoid treatment of precancerous and cancerous conditions. Substantial therapeutic success has been achieved in the treatment of acute promyelocytic leukemia with tretinoin and of squamous cell carcinomas of the skin and cervix with a combination of isotretinoin and interferon a.
INTRODUCTION
The retinoids are a class of chemical compounds structurally related to vitamin A and comprising natural and synthetic analogs. A correlation between vitamin A and cancer was first noted in the 1920s, when experimentally induced vitamin A-deficiency was shown to lead to preneoplastic lesions and ultimately to neoplasms (refs. 1-4) . Forty years later, a preventive and therapeutic effect of vitamin A on chemically induced tumors was demonstrated in animal models. The antitumor effect was not only associated with vitamin A (retinol) but also with the natural metabolite all-mretinoic-acid ( a l l -m -R A ) , as well as other retinoids (refs. 5-7) . This was the basis for the clinical use of retinoids in prevention and therapy of a variety of precancerous and neoplastic diseases (refs. 6-8) . The following retinoids are of particular interest in experimental and clinical oncology: all--trans-RA (tretinoin), 13-Q-RA (isotretinoin) and 9-&-RA, the aromatic retinoids etretinate and acitretin and the arotenoid Ro (Fig. 1 ). 
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CLINICAL USE OF RETINOIDS IN PREVENTION OF CANCER
Preventive and inhibitory effects of retinoids on carcinogenesis have been shown in animal experiments with chemically induced tumors, e.g. skin (refs. 9,10) , breast (ref. l l ) , bladder (ref. 12) , lung and others (refs. 6,7,13) . This has generated increasing interest in the use of retinoids for tumor prevention in man. However, in cancer prevention trials in a healthy population not belonging to a high-cancer-risk group, only those retinoids with virtually no acute or chronic toxicity would be acceptable. Unfortunately, no such retinoid is currently available for testing. Only in patients with a high genetic or environmental cancer risk (e.g. patients with xeroderma pigmentosum, individuals with family history of high susceptibility to cancer, cancer patients with an increased risk of developing second primary tumors within a relatively short time after removal of first primary, or individuals constantly exposed to carcinogenic substances) can prophylactic treatment with retinoids be seriously considered and prove to be beneficial. The riskbenefit ratio must, therefore, be taken into account.
Cancer prevention studies have been performed with positive results in the following indications: xeroderma pigmentosum (refs. 14-16), basal cell carcinoma (BCC) and squamous cell carcinoma (SCC) of the skin (refs. 17-19) , SCC of the oral cavity (ref. 20) , superficial bladder tumors (refs. 21,22) , and second primary tumors in SCC of the aerodigestive tract (ref. 23). Patients suffering from xeroderma pigmentosum, a genetic disorder, tend to develop premalignant and malignant skin lesions with a 1000-fold higher frequency than the general population. In a study of 5 patients with xeroderma pigmentosum, developing a total of 121 tumors during a 2-year period before retinoid treatment, the number of new tumors including BCC and SCC was reduced to 25 during a 2-year treatment period with isotretinoin. Patients with organ transplants have shown a 20-fold increased risk of skin cancer in Australia. Four male immunosuppressed renal-transplant recipients developed a total of 23 SCC of the skin in a 12-month period before retinoid treatment. During a treatment period of 8-13 months with daily etretinate, the number of newly diagnosed SCC decreased to six. However, prevention of SCC can only be maintained by continuous therapy with the retinoid. Patients with superficial bladder tumors removed by transurethral electrocoagulation or resection showed a reduced incidence of new bladder tumors. In the group receiving etretinate, 72% showed no recurrence compared to 35% in the placebo group. Patients with SCC of the oral cavity, pharynx or larynx, cured via surgery and/or radiotherapy, have an increased risk of developing a second primary tumor, not only in the head and neck area but also in the esophagus or lung. The incidence of these second primary tumors has been markedly reduced by preventive treatment with isotretinoin. In a prospective, randomized, placebo-controlled study, 100 patients with SCC of the oral cavity, pharynx or larynx, after completion of surgery or radiotherapy (or both), were randomly assigned to receive either isotretinoin or placebo for 12 months. After a median follow-up of 2 1 h years, only two patients (4%) in the isotretinoin group had second primary tumors compared to 12 (24%) in the placebo group. Four patients in the placebo group had multiple, second primary tumors. Except for an acute myeloid leukemia, all tumors were of the SCC type. Twelve patients treated with placebo had 17 new tumors in the head and neck area, in the esophagus and in the bronchopulmonary area. Patients treated with isotretinoin developed only two new tumors, one head and neck, and one esophageal cancer. The authors conclude from the significant suppression of second primary tumors by isotretinoin that these results provide the basis for further chemoprevention studies in subjects at high risk for all tobacco-related epithelial cancers.
THERAPY OF PRECANCEROUS LESIONS
It is widely assumed that cancerous lesions are preceded by precancerous lesions. Successful therapy of a precursor lesion might be equated with prevention of the threatening malignancy. A series of premalignant lesions of skin, oral cavity, larynx, bronchus, breast, cervix, vulva, bladder and bone marrow has responded to a certain degree to retinoids (ref. 24) . Actinic keratosis responds to topical treatment with tretinoin ointment. Oral treatment of 105 patients with etretinate produced complete remission in 45 (43%) and partial remission in 49 (47%). Oral leukoplakia, a precancerous condition, does not respond well to conventional treatment. Of 97 patients who received isotretinoin or etretinate, 17 exhibited complete regression of lesions and 63 showed partial regression. In a recent study, the treatment of oral leukoplakia with isotretinoin prevented oral carcinogenesis (ref. 20) . Laryngeal dysplasia, a precursor lesion of carcinoma of the larynx, has been treated with etretinate. Of 42 patients, 28 (67%) achieved complete regression and 11 (26%) partial regression. Mammary dysplasia in 12 patients was treated with vitamin A (retinol) at an oral dose of 15oooO IU/day. Objective remission was observed in five patients and subjective remission in nine. Cervical dysplasia was treated topically with tretinoin. Of 74 evaluable cases, 24 responded with complete and four with partial remission. In 46 patients, there was very little or no response. Vulval dystrophy was treated with etretinate. In 16 of the 26 patients treated, objective and subjective improvements were obtained. Papilloma of the bladder was treated with tretinoin in a group of 15 patients: complete remission was obtained in four (27%), while remission was only partial in seven (47%).
Myelodysplastic syndrome, considered as a precursor of leukemia, is influenced by isotretinoin. Of 69 patients treated, four (6%) showed complete remission and 22 (32%) partial remission. From these therapeutic results, it may be concluded that some precursor lesions have been treated by retinoids with a certain degree of success. However, the results are not yet satisfactory, since for many precancerous lesions conventional therapy is superior to treatment with retinoids.
THERAPY OF CANCER
Retinoids given as monotherapy have given, in most instances, unsatisfactory results (ref. 24). However, retinoid treatment led to limited therapeutic success in BCC and SCC of the skin, and cutaneous T-cell lymphoma. The only dramatic results achieved with monotherapy with a retinoid were in treatment of acute promyelocytic leukemia (APL) with tretinoin (refs. 25-28). Chinese clinicians claimed an 85% complete remission rate in a report on 787 patients with APL (ref. 29) . In the western world and Japan, out of 228 published cases, 195 patients experienced complete remission, corresponding to 85.5%. The induction of complete remission by tretinoin, followed by consolidation therapy with cytostatic agents such as daunomycin and cytosine arabinoside, produced a longer event-free survival than with chemotherapy alone (ref. All the above mentioned clinical results in prevention and therapy of preneoplastic and neoplastic conditions have led to a certain cautious optimism towards further progress in the practical usefulness of retinoids, given alone or in combination, e.g. with cytokines.
MOLECULAR BIOLOGY OF RETINOIDS
Studies on the mechanism of action of retinoids have progressed in the past few years with the discovery of the nuclear RA receptors (RAR). Retinoid binding proteins such as the cellular cytosolic RA-binding proteins I and I1 (CRABPI and CRABPII) have been well characterized (refs. 33,34). Although previously mistaken for receptors, these binding proteins are responsible for intracellular transport of retinoids and regulation of retinoid concentration.
To date, six nuclear retinoic acid receptors have been identified (ref. 35). They fall into two subclasses: RAR a, R and y, which have a high affinity for a l l -m -R A , and RXR a, R and y, which do not bind to this ligand. However, 9-& RA has been shown to be a ligand for RXR (refs.' 36,37) . All these receptors belong to the superfamily of steroid-thyroid hormone receptors, which share sequence similarities in the DNA-binding domain. These receptors presumably function in the following way ( Fig. 2) : RA or other retinoids first bind to ligandbinding domain E of the receptor, perhaps inducing a conformational change in the receptor. The activated receptor then activates or represses the transcription of genes containing a RA-response element recognized by DNA-binding domain C of the receptor. These transcriptional events result in the synthesis of mRNA and proteins which might be responsible for biological functions such as cell proliferation and differentiation. It is not known, however, whether individual receptors have specific biological functions. Two or more receptors might cooperate in the transcription of responsive genes and thus enable a specific biological function. Recently, the formation of heterodimers between RXR and RAR, as well as other members of the superfamily of nuclear hormone receptors, has been demonstrated. The complexity of the network of retinoid receptors might explain the pleiotropic biological effects of retinoids.
BIOLOGY OF RETINOIDS
Development and maintenance of normal tissue depends on an adequate balance between growth and differentiation. In malignancies, this equilibrium is disturbed. There is good evidence that the antitumor activity of retinoids is at least partially due to induction of cellular differentiation and/or inhibition of cell proliferation. The effect of retinoids on cell proliferation and differentiation based mainly on investigations using human transformed tumor cell lines, is discussed below, as well as the suppression of viral oncogene expression and the inhibition of angiogenesis by retinoids. These may contribute to the antitumor effect of retinoids. The investigations carried out center on the diverse action of various retinoids and combination with cytokines, growth factors and vitamin-D analogs. In many experiments, retinoids were investigated in combination with cytokines and vitamin-D analogs. Cytokines alone do not exert a significant induction of differentiation in HL-60 cells. However, when combined with retinoids, cytokines substantially potentiate the differentiation-inducing effect of retinoids (refs. 42,43) . The highest degree of potentiation was achieved with Interferon y ( M y ) and granulocyte colony-stimulating factor (G-CSF). Depending on the retinoid used, also M a , IFNR, Interleukin-1 (IL-l), IL-4 and tumor necrosis factor a ( m a ) potentiated differentiation (Fig. 4) , whereas IL-2, epidermal growth factor (EGF) and tumor growth factor R (TGFB) were inactive in this respect.
The active metabolite of vitamin D, la,25-dihydroxy-vitamin D, (VDJ, as well as analogs of VD, when administered alone induced differentiation in the transformed hemopoietic cell lines HL-60 and U937, at concentrations lower than for retinoids (refs. 45-48) . When VD, was combined with retinoids, a synergistic effect was observed, e.g. with a l l -m -R A (refs. 49-51) and particularly with 9-&-RA (ref. 44; Fig. 5 ).
CELL PROLIFERATION
In addition to induction of differentiation, the antitumor effect of retinoids has been associated with a direct antiproliferative effect. An inhibiting effect of a l l -m -R A on proliferation has been demonstrated in many human transformed epithelial cell lines, e.g. mammary carcinoma, melanoma and a series of SCC of various organs (refs. 52-55) . A l l -m -R A , 13-&-RA, 9-&-RA and acitretin vary to some degree in their antiproliferative activity, depending on the cell line used (refs. 44,5657) . Combination of retinoids with cytokines led to an increased inhibition of proliferation in many cancer cell l i e s . Depending on which of the four human carcinoma cell lines were used, namely MCF7 (mammary carcinoma), SCC4, SCC15 (SCC of the tongue) or A431 (SCC of the vulva), the various cytokines tested had quantitatively different synergistic effects (ref. 56). IFNa was most consistent in intensifying the inhibiting effect of retinoids on proliferation (Fig. 6) . However, TGFR, EGF, TNFa and IFNy also augmented retinoid-induced antiproliferative activity. VD, alone also exerts an antiproliferative effect on a series of transformed human cell lines originating from melanoma and carcinomas of breast and colon (refs. 58,59) . This has also been demonstrated for analogs that display less influence on calcium metabolism (refs. 60,61) . The combination of a l l -m -R A with VD, leads to a substantial increase in inhibition of proliferation (ref. 62). 
VIRAL ONCOGENES
A high percentage of anogenital cancers harbor human papillomaviruses (HPV), especially HPV 16 and 18. These high-risk types of HPVs are thought to be causally involved in the pathogenesis of these cancers, particularly cervical carcinoma, inducing cervical intraepithelial neoplasia which progresses to invasive carcinoma. The oncogenic potential of these HPVs has been attributed primarily to two early genes, E6 and E7. Cervical carcinoma HeLa and HeLa hybrid cell lines containing HPV-18 have been used to investigate the effect of retinoids on growth and oncogene expression in vitro. In parallel with growth inhibition by all-w-RA, 13-&-RA and 9-&-RA, HPV mRNA levels were down-regulated due to transcriptional repression (refs. 63,64) . In addition to retinoids, IFN a and IFN y inhibited transcription of E6E7 mRNA in human cervical epithelial cell lines harboring HPV 16 and 18 (refs. 65,66) . It is possible that combination of retinoids and interferons would synergistically decrease HPV oncogene expression.
ANGIOGENESIS
Evidence is accumulating that angiogenesis plays an important role in growth of neoplasms. Tumor growth beyond a certain size, i.e., a few mm3, is dependent on formation of new blood vessels that are needed to deliver (Fig. 7) and VD, produced a substantially higher degree of antiangiogenesis than did either compound alone, While retinoids have already established themselves in the successful treatment of various dermatological diseases such as acne, psoriasis and other keratinizing dermatoses, the clinical use of retinoids in oncology is still in its infancy. Results from preclinical studies and clinical trials have resulted in cautious optimism that retinoids may prove to be useful in prevention and therapy of various types of cancer. The discovery of new retinoids with a more favorable therapeutic index is, however, mandatory for these treatments to become acceptable for long-term preventive therapies.
Improved therapeutic results can also be expected by combination of retinoids with other antitumor agents (cytokines, vitamin-D analogs and cytostatic agents), generating a synergism between antiproliferative, differentiation-inducing, immunomodulatory, oncogene-suppressive and antiangiogenic effects.
Differentiation therapy of cancer appears to be a particularly promising approach, since it represents a departure from the pharmacological principle of cell destruction to the physiological principle of conversion of neoplastic cells into differentiated, phenotypically normal cells.
In spite of enormous progress in the field of nuclear retinoid receptors, we still know very little about the specific biological function assigned to each receptor. The new tools supplied by molecular and cell biology may help in the design of tailor-made retinoids for specific neoplastic diseases. For the time being, serendipity will certainly still play a role in our efforts to improve the therapeutic results with retinoids in cancer. 
